Patients with end-stage and genetic liver diseases have been shown to benefit from liver cell replacement therapy (1) . However, one of the major factors currently limiting the utilization of cellular replacement in the general population with severe liver disease is the lack of consistent sources of transplantable hepatocytes. Ideally, a proliferative stem cell population with robust capacity to generate hepatic cells in vitro will overcome the shortage of transplantable hepatic cells. Over the past several years, pluripotent embryonic stem cells (ESCs) have been successfully derived from non-human primates (2-4) and human embryos (5, 6) . The ability of these cells to proliferate indefinitely and to develop into virtually any cell or tissue type, including hepatocytes, makes them likely candidates for cell-based treatment of human diseases.
Over the past few decades, studies in vertebrate models have described several signaling pathways critical for the embryonic development of hepatocytes (7, 8) . For example, it has been shown that selective fibroblast growth factors (FGFs) can substitute for the cardiac mesoderm to activate the expression of hepatic genes in the endoderm (9) . In addition to the FGF pathway, bone morphogenic factors (BMPs), which are highly expressed in the septum transversum mesenchyme, are capable of inducing early hepatic fate independently in mice (10) . Subsequently, Wnt signaling plays an important role in enhancing the growth of the liver bud (7, 11) . Other inductive signals, such as Activin (12, 13) and Sonic hedgehog (14, 15 ) also contribute to endoderm or early liver development.
Terminal maturation of hepatocytes requires additional signals, such as hepatocyte growth factor (HGF) (16, 17) and oncostatin M (OSM) (17, 18) . The future clinical use of ESC-based hepatocyte replacement therapy depends on the development of an efficient procedure for differentiation of hepatocytes from ESCs. To achieve this goal, researchers have successfully exploited the molecular signals for liver development outlined above to direct the development of mouse (19-21) and subsequently monkey (22,23) and human (24-30) ESCs into HLCs. Additionally, a few studies have demonstrated that mouse or monkey ESCs can be coaxed to generate HLCs in the presence of murine hepatocytes (31,32) or human liver nonparenchymal cells (33).
Recent demonstrations of the generation of induced pluripotent stem cells (iPSCs) with defined transcription factors (34,35) that allowed the derivation of patient-and disease-specific pluripotent stem cells (36,37) without using human embryos has heightened interest in the in vitro hepatic differentiation potential of iPSCs (38-40). The demonstration of the hepatic differentiation capability of iPSCs suggests their possible application for in vitro personalized pharmacogenetics, toxicology, and metabolism studies and future in vivo transplantation trails.
In this study, we explored the potential of our previously established human embryonic stem cell (ESC)-derived fibroblast-like cells (hESdFs) (41) for derivation of hepatocytes from pluripotent stem cells. We found that exposure of monkey and human ESCs, and human iPSCs to a high density of hESdFs induced robust hepatic endoderm differentiation in a regionally-specific manner in ESC/iPSC colonies. Additionally, we elaborate the possible mechanisms responsible for such hepatic induction.
EXPERIMENTAL PROCEDURES
Cell culture and differentiationMitomycin-C-inactivated mouse embryonic fibroblasts (MEFs) and hESdFs were generated as described previously (41) . The monkey (ORMES-5 and ORMES-6) and human ESCs (NTU1, NTU2, and NTU3) (3) were grown on MEF feeders (2 × 10 4 cells/cm 2 ) in DMEM/F12 medium plus 20% Knockout Serum Replacement (Invitrogen, Carlsbad, CA) and bFGF (4 ng/ml, Sigma-Aldrich, St. Louis, MO). To induce differentiation, ESCs and iPSCs were grown on a high density of hESdFs (1 × 10 5 cells/cm 2 ) in the ESC medium.
Immunocytochemistry (ICC)-ICC Assay was performed as described previously (41) . The antibodies used are listed in Table S1 . RNA isolation, RT-PCR, and QRT-PCR-Assays were performed as described previously (41, 42) . All primers used are listed in Table S2 . All QRT-PCR reactions were performed in triplicate.
Quantitative measurement of albumin and ureaAlbumin and urea levels in the cell culture media were measured with ALB-G kits (Denka Seiken, Japan) or the ELISA kit for human albumin (Assaypro, MO), and Urea Liquid kits (Sentinel Diagnostics, Italy), respectively. All steps were performed according to manufacturers ' instructions. Colorimetric determinations were made using Toshiba 200FR (Toshiba, Japan).
Enzyme-linked immunosorbent assay (ELISA)-
Haptoglobin, Activin A, and FGF2 levels in hESdF-conditioned media were determined by ELISA kits for human haptoglobin (Alpco Diagnostics, Salem, NH), Activin A (R&D, Minneapolis, MN), and FGF2 (Sigma) according to the manufacturer's instructions. Periodic Acid-Schiff (PAS) staining -Cells were fixed in 4% paraformaldehyde, treated with 0.5% periodic acid for 10 min, washed 3 times with distilled water, and treated with Schiff's buffer for 20 min. Afterwards, cells were washed with distilled water and stained with hematoxylin. Ethoxyresorufin-O-deethylase (EROD)-assays were performed as described previously (43) . The detailed procedure is included in Supplemental Materials and Methods. Microarray analysis and data processing-Ten µg of total RNA purified by Trizol (Invitrogen) was used for cDNA synthesis and to generate biotin-labeled cRNA probe, which was hybridized to an Affymetrix Rhesus Macaque Genome Array (Affymetrix, Santa Clara, CA) by the Affymetrix Gene Expression Service Laboratory at Academia Sinica, Taiwan. Chips were scanned with an Affymetrix GeneChip Scanner 7G, and GeneSpring X software (Agilent, Santa Clara, CA) was used for data mining. Raw data were normalized by RMA (Robust Multichip Average) and the weakly expressed signals (<20% of total samples) were excluded. The filtered genes were clustered by Pearson centered complete clustering. The average log intensities of the biological replicates were normalized to the average log intensity of ESCs to obtain the changes in expression between different conditions. Genes highly expressed in the liver, pancreas or lung were identified with reference to UniGene transcriptome cluster annotation (National Center for Biotechnology Information). The raw microarray data are available through the Gene Expression Omnibus (GEO, GSE19964 http://ppt.cc/Mt70). Statistical analysis-All in vitro results were derived from triplicate experiments if not indicated otherwise. Results are presented as the mean ± standard deviation (SD). Grubb's test was used to detect possible outliers. Student's t-test was used to examine the significance of differences between group means, and differences with P values less than 0.05 were considered significant.
RESULTS
Human ESdFs induced and promoted regional differentiation in monkey and human ESC colonies. To see whether hESdFs could support the undifferentiated status of multiple primate ESC lines, we evaluated the growth pattern of monkey ORMES-5, ORMES-6 (3) and human NTU1, NTU2, and NTU3 ESCs (44) on mitotically-inactivated hESdFs. Surprisingly, we found that hESdFs induced the formation of a small flattened area with differentiated cells in the central area of ESC colonies of all examined ESC lines after prolonged co-culture without splitting. Subsequently, the early-flattened area expanded, resulting in the formation of differentiated foci containing HLCs (Fig. 1) . Moreover, we found that a higher density of hESdFs (5 × 10 5 cells/cm 2 ) further enhanced the differentiation, and eventually led to the formation of differentiated foci containing HLCs in the majority of human and monkey ESC colonies. In contrast, only a few ESC colonies were able to develop into HLC foci in the MEF co-culture group. We divided the differentiation process into three stages according to the morphological changes seen in the differentiated cells along the course of focus formation and expansion. The first five-day period (days 1-5) after the seeding of ESCs on hESdFs was defined as in vitro differentiation stage 1 (IVDS1). The colonies growing at this stage normally contained cells exhibiting characteristic ESC morphology, occasionally with a small differentiated area (Fig. 1) . The following five-day period (days 6-10) was defined as IVD stage 2 (IVDS2). At this stage an extended flattened area with spiky differentiated cells started to emerge in the central region (Fig.  1) . Around day 15 (IVDS3), differentiated cells exhibiting typical hepatocyte morphological features, such as compact cell-cell contacts, polygonal shapes, and distinctive round nuclei ( Fig. 1) , started to emerge. These eventually formed a homogenous hepatic-like cell population in a fully-expanded focus surrounded by a bulge of compact piled-up cells. The hepatic foci could be further maintained in serum-free culture for up to 1-2 months (Supplemental Fig. S1 ).
hESdF-primed regional differentiation recapitulated hepatic endoderm differentiation in primate ESCs. To confirm that the differentiated monkey ESCs in the foci did develop into endoder m and t hen hepat ocytes in t he hESdF-primed culture, we performed QRT-PCR analysis on the cells at various differentiation stages with primers specific to genes of three embryonic germ layers and hepatic lineages ( Fig.  2A) . The expression levels of pluripotency genes, Nanog and Oct4, gradually decreased at IVDS1 and IVDS2 and eventually disappeared at IVDS3 ( Fig. 2A) . In parallel, the expression levels of mesoendodermal (MIXL1) and early endodermal marker genes (SOX17 and GATA4) were highly up-regulated at IVDS1 (Fig 2A) , suggesting the induction of endodermal fate. While the early endodermal marker genes were gradually down-regulated during IVDS2, expression of the definitive endodermal gene CXCR4 was up-regulated through IVDS2 to IVDS3 (Fig 2A) . Moreover, the expression of hepatocyte genes, AFP, CK8 and CK18, and mature hepatic marker genes, Albumin and CYP7A1, started at IVDS1-2 and peaked at IVDS3 (Fig 2A) , indicating a transition from endodermal to hepatic differentiation. In contrast, the expression levels of ectodermal and mesodermal genes were only transiently up-regulated or suppressed in the course of differentiation (Fig 2A) . To confirm whether hESdFs promot ed homo genous hepat i c e n d o d e r m d i f f e r e n t i a t i o n a m o n g t h e differentiating ESC colonies, we randomly picked up individual colonies of monkey (ORMES6) and human ESCs (NTU1) at various differentiation stages and subjected them to QRT-PCR analysis with primers specific for genes of endoderm and hepatic lineages. We found that the relative endodermal and hepatic gene expression level did not vary significantly among individual colonies (Supplemental Fig.  S2 ), indicating that the differentiated ESC c o l o n i e s e x h i b i t e d a s i mi l a r t r e n d o f differentiation under hESdF co-culture.
To further dissect lineage information along the course of differentiation, we performed ICC analysis on monkey and human ESC colonies at different differentiation stages. We found that cells in the central area of ESC colonies expressed a high level of SOX17 at IVDS1 (Fig.  2B ). Subsequently at IVDS2, expression of SOX17 and downregulation of OCT4 were mainly detected in the peripheral ring region of the foci area of ESC colonies ( Fig. 2B ) whereas cells in the foci expressed SOX17 sporadically and weakly (Fig. 2B) . These results suggest that most endoderm-like cells in the foci might have already differentiated into early hepatic cells at IVDS2. Double ICC for SOX17 and the hepatocyte markers AFP or CK18 demonstrated that CK18 and AFP were expressed in the majority of cells in the IVD2 foci, with sporadic cells co-expressing both SOX17 and CK18 or AFP (Fig. 2C) . However, the expression of CK18 or AFP was completely absent from the SOX17-expressing cells surrounding the foci (Fig. 2C) . Consistent with the RT-PCR results, the differentiation of both mesodermal and ectodermal lineages was mostly suppressed in the presence of hESdFs because Brachyury expression was absent in all stages and only a few occasional SOX1-expressing cells were found outside the foci (Fig. 2B) .
To elucidate the spatial-temporal gene expression pattern in the differentiating ESC colonies, we looked at RNA expression from ORMES-6 ESC, cells at IVDS2 and IVDS3, and cells in the central foci (IVDS2-C) and peripheral area (IVDS2-P) of ESC colonies at IVDS2, by cDNA microarray analysis. The global gene expression analysis revealed a dramatic increase in the expression of genes highly expressed in the hepatic lineage at IVDS2 and IVDS3 ( Fig. 3A and B) . Hierarchical clustering analysis showed that the IVDS2-C expression pattern was similar to that at IVDS3 whereas the IVDS2-P pattern was closer to ESCs, indicating differences in the fate of cells in the central and peripheral regions of IVDS2 colonies (Fig. 3, A and C) . To ascertain whether hESdF co-culture can induce non-hepatic endoderm, we compared the expression patterns of subsets of genes highly expressed in the pancreatic or pulmonary endoderm in cells from IVDS2 and IVDS3; we found the majority of these genes were down-regulated at IVDS2 and IVDS3 ( Fig  3D) . Taken together, these results demonstrate that hESdFs induced a stepwise endodermal-to-hepatic differentiation of ESCs along with morphological change in the ESC colonies emanating from the central region.
Primate ESCs gave rise to differentiated cells exhibiting mature hepatic phenotypes in hESdF co-culture. To determine whether HLCs derived from our hESdF culture system displayed mature characteristics of hepatic lineages, we analyzed the expression patterns of early hepatocyte marker genes AFP and HNF4A, mature hepatocyte marker genes, such as Albumin, CK8, CK18, α-1AT, TOD2 and CYP3A4, and cholangiocyte markers, CK19 and AQP1 in the HLCs collected from IVDS3 by RT-PCR. All these genes were highly expressed in the HLCs from both monkey and human ESCs (NTU1 and 3) co-cultured with hESdF derived either from H9 ( Fig. 5A and Supplemental Fig. S3A ) or NTU1 (Supplemental Fig. S3B ). QRT-PCR assay further demonstrated that albumin expression was dramatically increased at IVDS3 in both human and monkey ESCs (Supplemental Fig. S4A ). Moreover, hESCs had increased expression of cholangiocyte markers CK19 and AQP1 from IVDS2 to IVDS3, and monkey ESCs had a higher expression of CK19 at IVDS2 (Supplemental Fig. S4A ). ICC analysis also showed that the majority of the primate ESC-derived HLCs expressed key hepatocyte proteins, such as AFP, CK7, CK18, (Fig. 4, A and B, Supplemental Fig. S3A and B) , and albumin ( Fig. 4A and B, Supplemental Fig. S3 A  and B) . However, only a small subpopulation of the HLCs expressed cholangiocyte marker, CK19 (Supplemental Fig. S4B ). These results demonstrate that hESdFs derived from different parental ESC lines were able to promote hepatic differentiation in most populations in multiple primate ESC lines.
Next, we investigated the functional properties of the ESC-derived HLCs. Conditioned media previously incubated with monkey HLCs for 2, 3, 4, 8, and 12 weeks were collected for hepatocyte functional tests, including ureagenesis and haptoglobin and albumin synthesis. These monkey HLCs exhibited urea, haptoglobin, and albumin synthesis that significantly increased in parallel with the duration of hepatic differentiation (Fig.  4C) , indicating enhanced hepatic maturation over the course of prolonged culture. In addition to monkey HLCs, we also tested the albumin synthesis ability of HLCs differentiated from human ESCs (NTU1) using ELISA, and found that albumin secretion was significantly increased after co-culture with hESdFs for 4 or 8 weeks compared to that without differentiation (Supplemental Fig. S5 ). The increase of albumin in both human and monkey HLCs was comparable to the increase using the 3-step differentiation protocol (Supplemental Fig. S6 ). These HLCs also exhibited other characteristics of hepatocytes, including activation of cytochrome P450 activity (Fig. 4D ) and glycogen storage (Fig. 4E) , as demonstrated by an EROD assay and by PAS staining, respectively. Remarkably, we found that a small number of monkey ESC-derived HLCs could be infected by human hepatitis B virus (HBV), as shown by the positive nuclear staining for HBV core antigen (Fig. 4F ). These results demonstrate that this hESdF co-culture system did support the production of mature and functional hepatocytes from both human and monkey ESCs.
Human ESdFs promote hepatic differentiation in human iPSC cells. To determine whether human iPSCs are equally as amenable to induction by hESdFs as ESCs, we generated iPSCs by reprogramming human foreskin fibroblasts with methods described previously (34). After various in vitro and in vivo characterizations (Supplemental Fig. S2 ), three iPSC clones (iPSC-CFB 10, 37, and 50) (Supplemental Fig. S7) were selected for experiments. The iPSC colonies treated with hESdFs formed hepatic foci after 10 days of differentiation, although clone 37 was less efficient than in the other two clones (Fig. 5A) . RT-PCR showed that the iPSC derived HLCs from IVD3 expressed hepatic genes, such as α-1-AT, CYP3A4, TAT, and TDO2 (Fig. 5B) . QRT-PCR analysis showed that the expression levels of hepatic genes varied among the HLCs of different iPSC clones (Fig. 5C ), indicating that different iPSC clones responded differently to the stimulation from hESdFs. Finally, ICC analysis further indicated that the majority of the HLCs from all 3 lines expressed CK18 and AFP, but only HLCs from iPSC-CFB-10 expressed abundant albumin (>70% cells, Fig. 5D ).
Human ESdFs produced factors supporting hepatic differentiation of primate ESCs. Next, we reasoned that such hepatic differentiation of ESCs/iPSCs might result from factors produced by hESdFs. Thus, we investigated whether hESdF-conditioned medium (hESdF-CM) alone could induce ESC differentiation. We found that >90% of the monkey ESCs colonies formed hepatocyte foci in hESdF-CM. Moreover, QRT-PCR revealed that hESdF-CM supported efficient hepatocyte differentiation of ESCs, as the expression levels of hepatic marker genes in the HLCs (at IVDS3) induced by hESdF-CM, hESdF co-culture and the three-step cocktail condition (27) were similar (Fig. 6A) . To identify factors that may be responsible for the hepatocyte differentiation, we analyzed the expression of a panel of growth factors/cytokines that have been reported to promote endodermal differentiation of ESCs by RT-PCR of hESdFs and MEFs (Fig. 6B) . We found that hESdFs expressed BMP4, EGF, FGF2, Activin A, and VEGF at high levels. We next tested whether inhibition of these factors could block the hESdF-induced differentiation. Accordingly, we knocked down FGF2 and/or Activin A in hESdFs by lentiviruses stably expressing short-hairpin RNAs against human FGF2 and/or Activin A transcripts and grew ORMES-6 ESCs on the modified hESdFs (Fig. 6,  C and D) . Under these conditions, the typical morphological change and hepatocyte focus formation induced by hESdFs were significantly suppressed at IVDS3 (Fig. 6F) . Furthermore, FGF2 and/or Activin A knockdown in hESdFs also reduced the expression level of endoderm and hepatocyte marker genes in the differentiating ESCs at IVDS3 (Fig. 6E) produced by hESdFs were directly responsible for hepatic development in primate ESCs.
The central region of colonies is constitutionally essential for hepatocyte differentiation. In our system, hepatocyte differentiation always followed focus formation in the central region of ESC colonies. To explore how the central foci formation affects the subsequent hepatic differentiation, we manually removed the central foci area (composed of approximately 20%-40% of the monkey ESC colonies) at IVDS2 and investigated the growth pattern of the excised colonies (Fig. 7A) . The empty central region recovered after 3 days by replacement of cells from the surrounding region (Fig 7A) . Interestingly, further co-culturing the recovered colonies with hESdF failed to regenerate the hepatocyte foci (Fig. 7A ) and instead resulted in emergence of SOX1-expressing neural rosettes (Fig. 7B) . Furthermore, QRT-PCR analysis (Fig. 7C) showed that SOX1 was up-regulated in the regenerated cells but the expression levels of endodermal and mesodermal marker genes were dramatically reduced compared to their counterparts in the colonies without excision (Fig. 7C) . These results indicated that removal of the central area of ESC colonies in hESdF co-culture conditions likely disrupted the progress of hepatic endoderm differentiation and converted the differentiation direction from endoderm to ectoderm, and therefore highlight the critical role of central-region cells for hepatic endoderm differentiation. (26, 27) . In this study, the efficient hepatocyte differentiation induced by the hESdF co-culture system required ESC/iPSCs to be cultured as a monolayer adhering to the culture surface. The monolayer adherent culture helped to maintain the structural integrity of the two-dimensional ESC colonies and therefore possibly provided a foundation for establishing an unknown feature in the central region of ESC/iPSC cell colonies that is susceptible to differentiation signal(s) secreted by hESdFs.
DISCUSSION
We showed that FGF2 and Activin A secreted by hESdFs played critical roles in mediating the hepatic endoderm differentiation in primate pluripotent stem cells. This finding is well supported by results of previous reports, indicating that Activin A and FGF2 have positive effects in promoting ESCs to differentiate into endoderms (28,33). Unlike most protocols involving supplementation of extraneous factors (28,33), it is not possible to manipulate the expression level of the factors secreted by hESdFs along the course of differentiation.
However, we still observed efficient hepatocyte differentiation with the presence of mature hepatocytes. Therefore, the persistent presence of factors such as Activin A and FGF2, which are important for early stages of differentiation, may not affect the subsequent differentiation and maturation of hepatocytes. Additionally, other growth factors secreted by hESdFs (Fig. 5B) , such as BMP4, EGF, and VEGF, which have been shown to be required for hepatic specification of mouse ESC-derived endoderm (21,45) and to enhance hepatocyte specification of ESCs, respectively, were very likely responsible for the hepatic specification, differentiation and maturation following the endodermal differentiation mediated by hESdF secreted FGF2 and Activin A (21). Finally, the non-parenchymal cells generated along the hepatic lineages differentiation may also contribute to the differentiation and maturation process by secreting growth factors because HGF expression was normally detected in hepatic foci after 3 week of differentiation (Fig.  5B) . Taken together, these results, strongly suggest that a combination of hESdF and differentiated ESC secreted factors might be responsible for the hepatocyte differentiation and maturation in our system.
In the hESdF co-culture system, the central regions of ESC colonies always transformed into endoderm-like foci, a step that preceded hepatocyte differentiation. Removal of central foci disrupted the progress of hepatic endoderm differentiation and resulted in the acquisition of ectodermal fate by the regenerated cells. We can only speculate about why the central region of the ESC colonies appears so important for hepatic differentiation. It seems unlikely that the hESdF feeders created a growth factor/cytokine signal gradient along the central to peripheral axis of the ESC colonies, since the differentiation foci could still be readily induced in hESdF-conditioned medium alone.
Alternatively, there might be heterogeneous populations of pluripotent cells in ESC colonies that are assembled in specific topological compartments in the two-dimensional ESC/iPSC colonies; perhaps only those allocated to the central region of ESC/iPSC colonies could properly respond to hESdF-secreted factors to form hepatic foci. This hypothesis is consistent with a recent observation showing that subpopulations of ESCs with distinct tissue-specific fates can be selected from pluripotent cultures (46) , and was supported by our microarray analysis comparing the gene expression patterns of the central and rim regions of the ESC colonies (Fig. 3) . Future identification of the molecular mechanism by which the distinct hepatocyte-promoting capability of the central region of ESC colonies is established may lead to more efficient control of hepatic differentiation.
Consistent with a previous study (40), we found that different iPSC lines have different capabilities to generate hepatic lineages in response to differentiation stimuli (eg. hESdF treatment), even though that they are all regarded as fully reprogrammed iPSC lines according to currently used standards (Fig. S2) for iPSC characterization. These discrepancies may be attributed to currently unknown factors that modulate hepatocyte differentiation, which were somehow defective in some of the iPSC lines. It will be of interest to further explore the mechanisms that constitute the discrepancies among different iPSC clones.
In summary, we have developed a simple method that allows scalable hepatocyte generation from primate pluripotent stem cells. Furthermore, we provide compelling evidence indicating that hESdF-secreted factors are responsible for the topology-dependent differentiation of endodermal cells to hepatocytes in ESC/iPSC colonies. These findings provide opportunities to further explore the mechanisms underpinning hepatic lineage differentiation and may be useful for future pharmacotoxicology and transplantation applications. 
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